In this paper, the effect of microstructure on the thermal conductivity of plasma-sprayed Y 2 O 3 stabilized ZrO 2 (YSZ) thermal barrier coatings (TBCs) is investigated. Nine freestanding samples deposited on aluminum alloys are studied. Cross-section morphology such as pores, cracks, m-phase content, grain boundary density of the coated samples are examined by scanning electron microscopy (SEM) and electron back-scattered diffraction (EBSD). Multiple linear regressions are used to develop quantitative models that describe the relationship between the particle parameters, m-phase content and features of the microstructure such as porosity, crack-porosity, and the length density of small and big angle-cracks. Moreover, the relationship between the microstructure and thermal conductivity is investigated. Results reveal that the thermal conductivity of the coating is mainly determined by the microstructure and grain boundary density at room temperature (25 • C), and by the length density of big-angle-crack, monoclinic phase content and grain boundary density at high temperature (1200 • C).
Introduction
Yttria-stabilized zirconia (YSZ) is widely used to protect high-temperature components from corrosion and improve the operating temperature of gas-turbine engines. The main aim is to reduce the thermal conductivity of engine components by using YSZ material prepared by the atmospheric plasma spray (APS) method [1, 2] . The spraying parameters and deposition efficiency in the plasma process produce a variety of microscopic defects, with pores and cracks appearing in the coatings [3] [4] [5] . These microscopic defects have great influence on the thermal conductivity of TBCs [6] .
Recently, advanced instrumentations have made it possible to observe and measure the movement of particles in the spray state [7, 8] and determine the velocity and temperature of in-flight particles in air plasma spraying. Many researchers have studied the relationship between the thermal conductivity and the microstructure. Studies show that cracks parallel to the direction of the matrix and pores can effectively reduce the thermal conductivity, while cracks vertical to the direction of the matrix increase the heat transfer [9] [10] [11] . The amount of different phase contents of the TBCs has a varying impact on the thermal conductivity. The thermal conductivity of monoclinic zirconia is higher than that of the tetragonal and cubic phases [11] [12] [13] . Some studies have investigated the relationship between the spray process and the microstructure of the thermal barrier coating. It was found that, with increasing particle velocity and temperature, the coating is densified and the thermal conductivity increases [14, 15] . The quantitative effect of grain boundaries on the thermal conductivity was analyzed, showing that the thermal conductivity of small grains is lower than that of large grains [16] [17] [18] .
Unfortunately, most studies have focused on the qualitative effect of microstructure on the thermal conductivity in the thermal barrier coating [19] [20] [21] . Nevertheless, very limited literature on the quantitative relationship between the microstructure and thermal conductivity is available. Therefore, it is necessary to establish the quantitative relationship between the microstructure information, including porosity, cracks and m phase, and thermal conductivity for the preparation of high performance TBCs.
In this manuscript, the effect of microstructure on the thermal conductivity of 8 wt % YSZ thermal barrier coatings (TBCs) is evaluated. Using scanning electron microscopy (SEM) and electron back-scattered diffraction (EBSD), cross-section morphological features such as pores, cracks, m-phase content and grain boundary density of the coated samples are studied, and a general relationship between the microstructure and thermal conductivity is developed.
Materials and Methods

Materials and Preparation
The Metco A-2000 atmospheric plasma spray equipment with a F4-MB plasma gun (Sulzer Metco AG, Switzerland) was used to deposit coatings on aluminum substrates (130 mm × 85 mm × 3 mm). The ceramic powder used for the top coating was commercially available ZrO 2 -8 wt % Y 2 O 3 (Shenyang Shihua Weifen Materials Co. Ltd., Shenyang, China). Figure 1 demonstrates the powder morphology and particle size of the raw material. The medium size (D50) of the powder was 50.9 µm. For all the measurements and characterizations, freestanding coatings were obtained by grinding the substrate away from the back side to a thickness of 100-300 µm and then bending the substrate on the edge of the coating carefully to detach the coating from it on the convex side. Thick free-standing coatings (about 1 mm) for thermal properties were deposited using different parameters, as summarized in Table 1 . Prior to spraying, the aluminum alloy substrates (130 mm × 85 mm × 3 mm) were grit-blasted and degreased ultrasonically in acetone. During the spray process, compressed air was applied to both sides of the substrates to maintain identical cooling conditions, with both having approximately the same substrate temperature.
The in-flight parameters of velocity and temperature during the coating deposition on the substrate were measured by an online monitoring system (Spray Watch 2i, OSEIR, Tampere, Finland). found that, with increasing particle velocity and temperature, the coating is densified and the thermal conductivity increases [14, 15] . The quantitative effect of grain boundaries on the thermal conductivity was analyzed, showing that the thermal conductivity of small grains is lower than that of large grains [16] [17] [18] . Unfortunately, most studies have focused on the qualitative effect of microstructure on the thermal conductivity in the thermal barrier coating [19] [20] [21] . Nevertheless, very limited literature on the quantitative relationship between the microstructure and thermal conductivity is available. Therefore, it is necessary to establish the quantitative relationship between the microstructure information, including porosity, cracks and m phase, and thermal conductivity for the preparation of high performance TBCs.
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The in-flight parameters of velocity and temperature during the coating deposition on the substrate were measured by an online monitoring system (Spray Watch 2i, OSEIR, Tampere, Finland). 
Microstructure Characterization
The microstructure of the TBCs was characterized qualitatively by microstructure observation and quantitatively by the Image Pro Plus (IPP, Image Pro Plus 6.0) technique by gray level variation. Pores appear very dark, and these were distinguished and quantified by image analysis. In this paper, the direct examination of the coating microstructures from cross-sections of the coatings using a scanning electron microscopy (SEM) provided comparative information about the porosity of different coatings. A SEM system (Magellan 400, FEI, Hillsboro, OR, USA) equipped with EBSD (INCA SERIES, Oxford Instrument, Oxford, UK) was used for this purpose. In conjunction with the EBSD detector, the phase composition and the information on the grain structures were shown in the microstructural images. The free-standing coatings were mechanically shaped into pieces (3 mm × 3 mm × 1 mm) and then polished by an ion milling system (Leica EM TIC 3X, Wetzlar, Germany). The backscattered images were employed for image analysis, automatic thresholds were used to distinguish between the pores and the ceramic matrix by the intensity of light from the other portions of the coatings. Ten images from different locations for each specimen at a magnification of 1500× were used for the quantitative measurement of all microstructure information.
Using the SEM-EBSD system for microstructure and phase composition analysis, the phases and grain size were studied by EBSD analysis. The Kikuchi patterns of different phases obtained by EBSD were different, so the m-phase could be easily distinguished from the other phases by EBSD. The m-phase content could be determined from its area fraction in EBSD mapping images. Ten EBSD mapping images from different locations for each specimen at a magnification of 1500× were acquired for the determination of the m-phase content. A phase with grain information map was constructed using the phase component in the software (Figure 2a,b) . This map presents the phase distribution and grain information in the polished cross-section of the TBCs. 
Thermal Conductivity Measurements
The TBCs were removed from the substrate and then polished into small diameters of 10 mm and 5 mm that could be used for thermal diffusion and specific heat capacity tests, respectively. The measurements of thermal diffusivity were performed by commercial laser flash equipment (TD-79A, SIC, Shanghai, China) from room temperature to 1200 • C. Specific heat capacity of the TBCs was tested according to the ASTME 1269-05 standard [22] , using a diamond DSC (SIC) produced by Perkin Elmer (Waltham, MA, USA) over a temperature range from room temperature to 500 • C. Above 500 • C, the specific heat capacity was calculated by using the Neumann-Kopp law [23] . The density of coatings was determined using Archimedes' principle. Hence, the thermal conductivity can be calculated by the equation λ = αρC p where α, ρ and C p are the thermal diffusivity, density and specific heat of the coatings, respectively.
Results and Discussion
Spray Parameters and Phase Content
The spray parameters, the temperature, and the velocity of particles during the deposition of the nine TBCs were listed in Table 1 . The contents of m-phase and grain boundary density were shown in Table 2 . The Ar and H 2 flow rates have great influence on the in-flight particles' velocity. Moreover, the particles' temperature might be closely related to the current and H 2 flow rate. Table 1 shows that the particles' velocity and temperature increases with increasing Ar and H 2 flow rates and increasing current. So, high current and H 2 flow rates could provide high energy to the particles and make the particles melt more extensively. It could be seen that the increase of current and H 2 was always accompanied by an increase of m-phase content, as shown in Table 2 . The m-phase may be formed during the cooling process, and its content increases with increasing loss of yttrium due to vaporization during spraying at increasing particles' temperature. During the spray cooling process, t-phase was found to evolve through a martensitic transformation into m-phase at around 950 • C, resulting in a volume increase and promoting the increase of defects such as cracks and pores. In Figure 2a , the coating contains coarse grains (the grain size is 5 µm), columnar grains (aspect ratio >2), and a large number of small equiaxed grains (20-500 nm). It can be seen that the coatings were composed of large numbers of coarse and fine equiaxed grains, and only a small amount of columnar ones, which could be attributed to the low melting extent of in-flight particles [24] . If the size of the finest grain were smaller than three times the scanning step for acquiring EBSD maps, it could result in systematic errors caused by the EBSD resolution limit. Therefore, all such types of reading were discarded. Some of monoclinic phase grains were fine. This can be explained by the fact that t to m phase transformation usually occurs partly inside larger primary t grains, with the fine m-grains being subsequently developed [25] . The grain boundary density was inversely related to the grain size. With the decrease in grain size, the grain boundary density increases, as verified in Table 2 . Figure 3 displays the SEM image of thermal barrier coating by atmospheric plasma spraying. A variety of pores and cracks can be clearly distinguished. Therefore, the qualitative and quantitative analysis of the coatings' microstructure using SEM micrographs of mirror-polished cross-sections was carried out. Through image analysis, the major axis "a" and minor axis "c" of every void in the microstructure, approximated as an ellipse, were measured to calculate the ratio a/c. If the ratio was <3, then the defect could be described as a pore; and if it was >3, then it could be considered as a crack. Furthermore, more meticulous work on the cracks was done, in which the angle and length of each crack were measured. The angle was that between the major axis of the crack and the direction of the coating/substrate interface. Hence, an angle of 0 • indicates a crack parallel to the coating/substrate interface. Cracks forming an angle in the 0 • -45 • range were named small-angle cracks while those forming an angle of 45 • -90 • were referred as big-angle cracks. The length of cracks was determined by measuring the length of the major axis of the equivalent ellipse. The calculated length densities (length of cracks/µm 2 ) of the two kinds of crack were shown in Figure 4 . Using the atmospheric plasma spray (APS) to heat the YSZ powder and then spray it on the substrates, the particles achieved high temperature and speed. It was found that the spraying process greatly influences the evolution of different phase contents. In Figure 2b , it was clear that the m-phase appears around the large pores and small-angle cracks. This was due to rapid cooling. The tetragonal phase transforms to monoclinic phase accompanied by volume change. When the pressure in the pores and cracks was minimal, the t-phase easily transforms to m-phase. But when the pressure inside the coating was too large to transform, then the monoclinic phase was mainly distributed around the pores and cracks. The transition from the t-phase to m-phase occurs with about 3-5 of volume expansion, and m-phase transforms to t-phase with about 7 of volume shrinkage. At about 950 • C, the t-phase therefore transforms to m-phase with a volume expansion of 3-5. The linear regression equation shows that the pores and cracks and the length density of small-angle cracks in the coating were strongly correlated with the spray parameters and the monoclinic phase content. where X 1 is the particle velocity, X 2 is the temperature of particles, and X 3 is the content of m-phase. Equations (1) and (2) show the effect of particle velocity, temperature and m-phase content on the porosity and crack-porosity, respectively. These indicate that that higher particles temperature and velocity result in a reduction of pores and cracks. This means that powders were melted more extensively, and then pores and cracks decrease with the increase in the particles' temperature. Equation (3) describes the parameters that determine the length density of small-angle cracks. There was no m-phase content near the large-angle cracks. During the cooling process, the volume change of t-phase to m-phase leads to further reduction in the pores and cracks. However, spray parameters have a small influence on the big-angle cracks. Equation (4) shows that, if R 2 was too small, the correlation between the length density of big-angle cracks and the parameters was very small. Since the generation of the length density of big-angle cracks in the spraying process results from the release of stress, the big-angle cracks are more random and smaller. 
Microstructure of TBCs
Relationship between Microstructure and Thermal Conductivity
In Figure 5 , the thermal conductivities of TBCs at room temperature and 1200 • C were compared. At 25 • C, the thermal conductivity was significantly higher than its value at 1200 • C. This can be explained by the phonon (lattice wave) conduction behavior. This was the interaction between phonons scattered by grain boundaries and point defects in the coating that causes their thermal conductivity to be inversely proportional to the temperature. In other words, an increase in the temperature leads to an increase in phonon scattering and a decrease in the thermal conductivity value [26] . The relationship between microstructure and thermal conductivity from the multiple regression equations at low and high temperature are given as follows:
Thermal Conductivity (room temperature) = 1.79 − 0.104864402P − 0.038644461C − 0.009469272S + 23.24351385B − 0.170350528G R 2 = 0.82 (5) Thermal conductivity (1200 • C) = 0.476267554 + 21.50434266B + 0.092513106M − 0.168259582G R 2 = 0.888 (6) where P is the porosity, C is the crack-porosity, S is the length density of small-angle crack, B is the length density of big-angle crack, and G is the grain boundary density. In Equation (5), at low temperatures, pores, cracks, and the length density of small-angle cracks increase the phonon scattering, and effectively reduce the thermal conductivity. Moreover, more pores and cracks in the YSZ coatings might not have the decisive factor of reducing the thermal conductivity, suggesting that the other microstructural features also have significant influence on thermal conductivity. Grain boundaries were also one of the important sources of phonon scattering. The small grain size results in a large grain boundary density, which increases the intensity of phonon scattering, and thus leads to a lower thermal conductivity.
At high temperature (1200 • C), the average free path of the phonon decreases, and the mean free path of the phonon is close to several lattice spacings, so the larger the grain boundary density is, the stronger the phonon scattering will be. Furthermore, compared to the mean free path of the phonon (l p ) at high temperature, the pores are too large, and become rather ineffective scatterers. Thermal conductivity depends on l p . Intense phonon collision leads to smaller l p values with the increasing temperature. With the increasing temperature, the mean free path of phonons decreases from a value comparable with the grain diameter to the same order of magnitude as the lattice spacing. The mean free path of phonons at high temperature therefore reaches its lower limit (lattice spacing), which is far smaller than the micrometer-sized pores. Therefore, a pore has a weak scattering effect on the phonons at high temperature, and thus the effect of porosity at elevated temperature is negligible. m-phase has a significant effect at high temperature, and the point defect size is the same order of magnitude as lattice spacing. Therefore, in accordance with the previous discussion on the decrease of l p with increasing temperature, while the scattering of phonons caused by point defects is negligible at low temperature, its influence is significant at high temperature. According to the defect reaction
doping with a higher Y 2 O 3 content results in a higher point defect concentration. Since the m-ZrO 2 contains a small amount of Y 2 O 3 , it has the lowest point defect concentration; therefore, a coating with higher m-ZrO 2 content would have higher thermal conductivity at elevated temperature. Consequently, the effect of m-ZrO 2 content on thermal conductivity becomes vital at high temperature [27] . With the increase in m-phase content, the thermal conductivity of the coatings increases. In Equations (5) and (6), the length density of big-angle cracks has a large coefficient, meaning that it could strongly influence the thermal conductivity because, at both low and high temperature, heat can directly flow across the coating. 
Conclusions

Spraying processes affect the m-phase contents of the coating, and increasing the current and the plasma gas flow rates will lead to an increase in the m-phase content.
The volume change associated with the phase transition during the spraying process affects the microstructure of the coating. M-phase content and the in-flight particle state play significant roles in the formation of micro-morphology. The formation of big-angle cracks results from stress release, and their length density generally had very small and random variations with the process parameters.  At low temperature (25 °C), pores, cracks (particularly the small-angle-cracks) and grain boundary density decrease the thermal conductivity, but the big-angle cracks increase the heat flow into the coating. At high temperatures (1200 °C), the effect of pores and cracks is negligible.
The grain boundary density reduces the thermal conductivity. The effect of big-angle cracks on heat diffusion at both low and high temperatures is significant. 
Conclusions
• Spraying processes affect the m-phase contents of the coating, and increasing the current and the plasma gas flow rates will lead to an increase in the m-phase content.
•
The volume change associated with the phase transition during the spraying process affects the microstructure of the coating. M-phase content and the in-flight particle state play significant roles in the formation of micro-morphology. The formation of big-angle cracks results from stress release, and their length density generally had very small and random variations with the process parameters.
• At low temperature (25 • C), pores, cracks (particularly the small-angle-cracks) and grain boundary density decrease the thermal conductivity, but the big-angle cracks increase the heat flow into the coating. At high temperatures (1200 • C), the effect of pores and cracks is negligible. The grain boundary density reduces the thermal conductivity. The effect of big-angle cracks on heat diffusion at both low and high temperatures is significant.
